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ABSTRACT 


This thesis deals with some aspects of converter-fed 
dc motor. A novel versatile firing scheme has "been developed 
for converter control schemes. A new method for the calcula- 
tion of filter inductance which eliminates discontinuous 
conduction and keeps the ripple within permissible limits is 
presented. A simple method for the design of controllers is 
derived which eliminates the ripple instability as well as 
runaway instability. System has been digitally simulated and 
compared with experimental results. An experimental investi- 
gation of autoadaptive controller has been carried out. 
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CHAPTER I 


INTRODUCTION 


DC drives are widely used m applications requiring 
variable speed, good speed regulation, frequent starting 
and reversing. Some important applications are m rolling 
mills, paper mills, mmewmder, machine tools and traction. 
DC motors controlled by thyristor converters have become 
the most popular form of industrial variable speed ednve. 
The thyristor coiverter has the advantages of high relia- 
bility, efficiency and power gam coupled with its small 
size and fast response. However there are certain 
disadvantages like high ripple content in the motor armature 
current and generation of harmonics m the ac supply. The 
present thesis deals with certain aspects of converter 
controlled dc drive employing separately excited dc motor. 

1.1 CONVERTER FIRING CONTROL CIRCUIT 

There are many circuits available in the literature 
to obtain time delay for phase angle control of thyristors. 
UJT and monostable circuits have been commonly used m the 
past [1-31. These suffer from the following limitations. 

1. Monostable circuits are sufficiently sensitive for 
stray pulses which results in false triggering 1 21. 

2. The relationship between control voltage and time delay 
is not linear [21. 
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3. There is a finite recovery time and it increases for 

* 

large time delay. 

The UJT time delay circuit [ 1 1 is quite stable m 
operation. However, the shape of the output pulse is 
dependent on the load into which the timing capacitor 
discharges through the emitter of UJT. For sustained trig- 
gering of SCRs, the UJT output pulse is to be further 
processed using bistable and monostable circuits. This makes 
the system more sensitive to stray pulses. For automatic 
control of the time delay, the charging current of the 
capacitor is controlled [1 ]. -*-n such cases the delay cannot 

be reduced below a fixed minimum which depends on the maximum 
allowable charging current. This minimum value increases for 
circuits designed for large time delay. 

Arockiasamy and Donapandy [4 3 have described a 
circuit which overcomes the above limitations. This circuit 
uses two separate channels, one for each half -cycle of the 
mams voltage. Th* circuit has the limitation that an exact 
ISO 0 phase difference between the firing pulses sent to a pair 
of thyristors m the same mams phase, conducting alternately 
in the two halves of the mams supply cannot be realised. 

Yair and Stemkoler[ 51 have removed this limitation. Their 
circuit is however not versatile in the sense that it cannot 
be used for many converter control operations. 
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Tar circuit proposed in. Chapter II of the thesis is 
simple and suitable for many converter operations such as 
i) fully controlled operation 11 ) fully controlled operation 
with half controlled characteristics [6 3 111 ) sequence 
control [73 iv ) symmetrical pulse width modulation with one 
pulse per half cycle [8 3 and v) asymmetrical triggering 
control [ 7 3. The same principle can be extended to 3-phase 
ac voltage controller E 9 3 and 3-phase thyristor bridge 
converter operation. The circuit is stable and immune to 
noise uid stray pulses. 

1 2 SELECTION OP PILTER INDUCTANCE 

Mehta and Mukopadhyay [ 10 3 have described a method 

for the calculation of inductance so that discontinuous 

0 

conduction does not occur during normal steady state opera- 
tion. Their method, however, neglects the armature circuit 
resistance and does not account for the nature of the load 
torque-speed characteristic. Subbaiah and Palambhamy £15 1 
have extended this method to account for armature circuit 
resistance drop, however, they hage also not accounted for 
nature of load torque-speed curves, mn elegant method for the 
calculation of optimum value of inductance for fully controlled 
and half controlled converters taking the nature of speed torqu 
characteristics of the load has been presented. Monograms have 
been given in terms of normalised variables. A flowchart has 
also been given for the calculation of monograms. These can 



"be used to obtain an optimum value of inductance for any 
motor controlled by fully controlled or half controlled 
converter. 

1 3 STERILITY jtNAlYSIS aJD DE3IGN 01* CLOSED LOOP 
CONVERTER GOT TROLLED EC MOTOR 

Knshnan and Raraasv/amy 1 1 6 3 have designed the 
controller parameters using symmetric optimum method. 

Thyristor converter has been approximated as a constant 
gam amplifier. Pirag and Malick C 22 3 have described the 
stability analysis taking the do motor as a first order 
system, neglecting the armature time constant. In the 
present work (Chapter 4), do motor has been considered as a 
second order system and th e nonlinearity of the thyristor 
converter has been taken into account. Sta^e space techniques 
have bem used for the design of controllers to ensur° that 
the system is locally stable. A method employing Popov’ s 
criteria has been presented to test the system stability 
in the large. 

1 4 STUDY OP AUTO-ADAPTIVE CONTROLLER AND DIGITAL 
SIMULATION OP CONVERTER CO T m ROLLED DC MOTOR IN 
CLOSED-LOOP 

Abbot and Wheeler [21 ] suggested an adaptive controller 
for the dc motor drive by interpreting the results of the 
analog computer simulation. In th e present -work dc drive with 
auto-adaptive controller has been built and its performance ha 
been experimentally investigated (Chapter 4). The system with 
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the adaptive controller is also simulated on a digital 
computer. Simulation results have been compared with 
those obtained experimentally. 
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CHAPTER II 

A HOVEL VERSATILE PULSE DELAY CIRCUIT POR CONVERTER CONTROL 

A simple and versatile firing circuit suitable for 
many converter operations such as ( 1 ) fully controlled 
operation ( 11 ) fully controlled operation with half- 
controlled characteristics [ 6 ] (m) sequence control [ 7 ] 

(iv) symmetrical pulse width modulation with one pulse 
per half cycle [Si and (v) asymmetrical triggering controlE7 3 
is described here It can be expended to 3-phase ac voltage 
controller [9 land 3-phase thyristor bridge converter 
operation. The circuit is stable and immune to noise and 
stray pulses, 

2 1 PROPOSED SCHEME 

The block diagram of the proposed scheme is shown 
m Pig 21. The basic waveforms are shown m Pig, 2. 3. 
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The principle of operation is hosed on converting the 
synchronisation supply to a square wave (Pig. 2,3b)* A tri- 
angular wave TR1 (Fig. 2.3d) is generated by integrating the 
square wave TR1 is compared with reference voltage 7^ to 
generate a pulse B of duration a to 2-rr-a as shown m Pig.2.3e. 
TR1 is also inverted and compared with reference voltage 
The pulse c of duration from tr-a to ir+a is obtained as shown 
in Pig.2.3g. The pulses A, 3 and C oan now be processed to 
get the pulses of any of the following durations. (1) 0 to ir 
(2) it to 2ir (3) a to tt ( 4 ) ff-a to ir (5) v+a to 2tr 
(6) 2 it- a to 2 it (7) a to ir-a (8) tt+ a to 2ir - a. This 
ma^es tne circuit versatile and can be adapted to any converter 
control mentioned aoove. 

2.2 REALISATION 

Tje circuit diagram is shown m Pig 2.2. The wave- 
forms at the output of each stage are shown in Pig 2 3. OP-1 
converts the synchronisation supply +-o a square wave as shown 
in Pig 2.3b. OP-2 integrates the input A of Pig. 2. 2. The 
initial condition of the system will die away due to the feed- 
back; resistance R^ of the amplifier OP-2 of Pig. 2 2. But 
it introduces the dc level at the output (Pig. 2.3c). The 
waveform as shown in Pig 2 3d is obtained by the dc level 
shifter OP-3 which works as an amplifier. This is compared 
with reference voltage and the waveform B as shown in 
Pig 2.3e is obtained. The waveform TR1 of Pig. 2, 3 is inverted 
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and level shifted by OP -5 of Pig. 2. 2 as shown in Pig 2.3f. 

This is compared with reference voltage V^. ^he waveform 
C as shown in Pig.2.3g is obtained. The waveforms B and 
0 are processed to obtain the waveforms as shown m Pigs.2.3g 
to 2 3o. OP -7 of Pig. 2. 2 is used as a clock of frequency 
5 KHz. The output is gated with the waveforms o f Pigs 2.3h 
to 2 3o. The gated output drives the pulse amplifier which 
is used to trigger the thyristors. 

2.3 iHPLIOaTIOHS 

In all the applications, though the explanation of 
circuit operation is given for continuous current case only, 
the circuit is applicable in discontinuous case also. 

(l) Pully controlled operation 

The power circuit bridge is shown in Pig. 2. 4a. The 
output waveform E ^ of Pig. 2, 4a is shown in Pig. 2.5a. 

During the period from a to ir+a , thyristors T^ and Tg are OH, 
being triggered by the clocked waveform of Pig.2.3i. Tha 
thyristors T^ and T^ are triggered by the clocked ou+put of 
Pig. 2.3K. 

(n) Pully controlled bridge with half controlled 
charac tens tic s • 

The power circuit is shown in Pig. 2. 4a. The output 
waveform E ou ^- is shown in Pig. 2. 5b. During the positive 
half cycle, the thyristors T-j and Tg are OH from period a 
to ir radians. Thyristor T^ is triggered by the waveform 
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shown m Pig. 2 3h and thyristor T 2 is triggered hy the clocked 
output of the waveform shown in Pig. 2.3i. During the negative 
half -cycle, at the instant it , thyristor T^ is triggered hy 
the clocked output of the waveform shown in Pig. 2.3h If 
the current is continuous, the part of the waveform OD of 
Pig. 2 5b is obtained. At the instant D, thyristor T^ is 
triggered by the waveform shown in Pig 2 3i. The part of 
the waveform EP of Pig. 2.5b is obtained. The part GA is 
obtained by the triggering of thyristor T^ by the clocked 
output of the waveform shown in Pig. 2. 3b, Thus it operates 
as a fully coitrolled bridge with half controlled characteris- 
tics. 

(ill) sequence control 

The bridge circuit is shown m Pig. 2,4b. The output 
voltage waveform E^^ is shown m Pig. 2.5c. The part of the 
waveform AB is obtained by the conduction of thyristor T 2 
triggered by the clocked output waveform shown in Pig.2.3h 
and by the diodes , Dj and D^. At the instant a , T^ is 
triggered by the waveform shown in Pig.2.3i, and the part of 
the waveform CD is obtained. During the negative half- 
cycle of the supply, at the instant D, thyristor T^ is 
triggered by the clocked output of the waveform shown in 
Pig. 2. 3b. The part of the waveform DE is obtained by the 
conduction of the diodes D 3 , D^ and D^. At an angle ir+a , 
thyristor T^ is triggered by the clocked output of the 
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waveform shown in Pig. 2.3k. The part of the -wavefown PG • 
is obtained by the conduction of thyristors T^ and T^, diodes 
I>2 and £4* Thus the waveform ABODEPG is obtained. 

iv) Symmetrical pulse width modulation with single pulse 
per half cycle. 

The power circuit is shown in Pig. 2.4c The output 
voltage waveform E ou ^. as shown in Pig 2.5d. During the 
positive half cycle, at the instant B, thyristor Tg is 
triggered by the clocked output of the waveform shown in. 

Pig. 2.3m. At the instant E, Tg is forced commutated by 
capacitor 0-j (charged m the previous half cycle) by the 
triggering of the thyristor Tj, which is turned (W by the 
clocked output of the waveform shown m Pig. 2 , 3 3, During 
the negative half cycle, at the instant P, thyristor T^ is 
triggered OiST by tie waveform shown in Pig. 2,3n. At the 
instant I, Tj is forced commutated by the turning -CH of 
of thyristor T]j which is being triggered by the clocked out- 
put of the waveform shown m Pig.2.3o. Thus the waveform 
ABODEPG-HIJ is obtained. 

(v) Asymmetrical triggering. 

The power circuit is shown in i?ig.2.4d. The output 
voltage waveform is shown m Pig.2.5e. During the positive 
half cycle, at the instant A, thyristor T^ is triggered by 
the clocked output of the waveform shown m Pig. 2.3h. At 
the instant 0, T 2 is triggered by the clocked output waveform 
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shown in Pig. 2 3k. Thus the wave-form ABODE of Pig. 2.5e 
is obtained. 

The basio approach can be employed for 3-phase 
ac voltage controller and 3-phase bridge configuration. 
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CHAPTER III 

CALCULATION OP PILFER INIKJC TANGE 

3.1 I TTROLUCTION 

Pig. 3.1 shows the basic circuit for the converter 
controlled dc separately excited motor. The freewheeling 
diode PL, shown m dotted lines, is for half controlled 
operation. Various modes of operation have been described 
by Mehta and Mukopadhyay [10 L Typical armature current 
waveforms m different modes are shown in Figs. 3.2(a) and 
3.2(b) The armature current is not smooth dc but has an 
ac ripple superimposed on dc component Since the motor 
induced emf is a function of field flux and speed, at high 
speeds and low average armature currents (or low load torques) 
the current may become zero as shown in Pigs. 3.2(b) and 
3 2(d) The motor is then said to operate under the dis- 
continuous current mode. Large ac ripple and discontinuous 
conduction are not desirable as they adversely affect the 
commutation of the machine and increase the losses, thus 
reducing the efficiency and derating the motor [ 11,12J. 
Furthermore, discontinuous conduction makes the speed 
regulation poor and transient response slow t 131. 

The discontinuous conduction can be eliminated and 
ac ripple reduced by increasing +he electrical time constant 
of the machine by connecting an external inductance m the 
armature circuit. This improves the speed regulation. 
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It also has the beneficial effect on the speed drop under 
impact loading condition [12] However, the addition of 
external inductance m the armature circuit results m 
reduction in efficiency (due to losses m the inductance), 
increase m cost, weight, size and deterioration of transient 
response El 3 3 . 

If inductance is absolutely necessary, as is the case 
with separately excited motor, its value should be just 
enough to eliminate discontinuous conduction and keep the 
ac ripple within acceptable limits. This will ensure that 
these performance objectives are achieved with minimal 
deterioration of transient response and introduction of other 
adverse effects mentioned above. 

3 2 MODES OE OPERATION A : TE p^'REOHMMCr EQUA'TCaVS 

It is assumed that a) the thyristors and diodes are 
ideal switches b) the resistance and inductance of the motor 
armature are constant c) the commutation overlap due to source 
inductance is negligible d) during a given steady state condi- 
tion, the motor speed is constant, (Since the mechanical time 
constant of the motor is very large compared to the half cycle 
period of the supply, the fluctuation in speed during this 
period is negligible). The equivalent circuits of converter 
controlled dc motor under + hree different modes of operation [10Q 
are described below. 

Mode 1 In this mode (Figs. 3.2b , 3.2f ), the current is 

discontinuous and the earliest instant at which the thyns+of* 

-1 

can be fired is Y where y = Sm“ 



Fig 3 3 Equivalent circuits (a) Thyristor conduction interval 
(b) Zero current interval (c) Free wheeling interval 
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Fig. 3-2 Voltage and current waveforms for 
half controlled operation 







Fig-3'2 Voltage and current waveforms for 
fully controlled operation 
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Mode 2 In this mode (Figs 3 . 2d, 3 2 h) , the firing is 
done at an angle less than Y * The motor back emf being 
larger than the instantaneous input voltage, the armature 
current reduces and becomes zero This mode of operation is 
shown in Figs 3 2d, 3 2h, . It is necessary that the 
thyristor firing circuit should provide a string of pulses. 
If the current is continuous, thyristors could be triggered 
at any point of the input voltage waveform as the motor back 
emf cannot appear as a reverse bias across the thyristors. 
The system equations for different intervals will be as 
follows 

3.2a. Fully Controlled Opera + i on 

(l) Mode 1 ^he equivalent circuit is shown m Fig. 3 3(a) 
The equation governing the system is 

La ^ + Va +E a= ^ s ““ + ^ 

where b = 1, <* f < cot ± 6 (if P<ir ) 

Assuming the initial condition +o be zero owing to 
discontinuity, +he solution of (3.1) yields 

^(wt) = Im [Sin(wt - i|0 - Sin(o f - ij>)exp {-Cot ^(wt-a f ) >] 

- I [1-exp {-Cotifj (ut - a f ) }] (3.2) 

taking the base valu^ of i as 2E m /tf-R a , normalized eqn (3.2) 
is given by (3.3) 

ip( ut) = ^ Cos t[Sm(“t4) - Sm(a f -4 )exp{~Cohf; (tot-a f )>3 

- Wl 1-exp{ - Cotif>(ut - a f )} ] (3.3) 
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( 11 ) Mode 2 When firing angle q* is less than Y, Mode 2 

occurs. Assuming the initial condition 4 -q be zero_, _ 

ir 

lp(wt) = ^ CosH 3ia(ut4) - Sin(Y-40 exp {-Cotty (wt-Y)) 1 

- W [ 1-exp {-Cot t(wt-Y)} ] , V<.“t < ir+cc^ (3.4) 

If 3 .> tt + a f , b = -1 for ir+ a f < ut < 0 (if 3 <tt + y) 

l (ut) = Cos U2Sm( a f -^ )exp {-Cot^(w t-ir-a f )} 

- Sin(y-f) exp { -CotiJ) luit-y) > - Sm(wt hJj) ] 

- W t 1 - exp {-Cot^(wt -y) }] (3.5) 


3.2b. Half Controlled Operation 

(l) Mode 1 The dynamics is descrioed by eqn.(3.1) where 
b = 1 for ut < n 

b = 0 for r < wt < 3 (if it S. 3 <_ tt +a f ) (3.6) 

Tqn.(3 3) is the solution of (3.6) when b = 1 and (3.7) is 
the solution of (3 6) when b = 0 

l (tot) = Cos [Sin 'b exp { -Cot 4>(co t_ir)> 

-Sm(a f 4 )exp {-Cot ^(wt-o^ ) >1 


m 


-Wf 1-exp { -Cot t (w t-c^) }] , tt <. 


TT 

2 


(1+Cos a f ) 
(3 - a f ) 


- fflT 


TT 

(3 J0 f ) 


(3.7) 
(3 8) 


(n) Mode 2 The dynamics is described by eqn.(3.1) where 


b-1 y ^ <. it 

h=0 TT <. wt <, IT + Clg 
h = -1 ir+o^<.ut <ff- “ > ~ Y (ifit+c^ <_ 3 £tt+y) 


(3.9) 



16 


Eqn (3 4) is the solution of (3 1) when b = 1 and (3.7) is 
f he solut on of (3 1) when b = 0 and (3 10) is the solution 
of (3 1 ) when h = -1 . 

lp(o)t) = -t? Oos^[Smib exp {-Cotij* (wt-7r)> 

-Sxn(a f -i|> ) exp{ -Cot^t -ir - a f )} 


W 


- Sm(y-’4)) exp{ -Got i( ut-y) > - Sin(ut-ip)] 


- WiT tl - e^pt -Co t ^ (rnt- v ) } 3 it +a <. 

(3 10 ) 

_ (1+CosY + Cos P + Cos cu) 

'L i~ _ >m — O.ii) 

^ ( 3 - y) ( e -y ) 


3 2c. Continuous Mode 

When tne current is continuous, calculations are 
straightforward The e*piessions for VN f Q r one quadrant 
and two-quadrant drives are 

W = 0.5(1 + Cos a f ) - TKT for one-quad drive (3 12) 

VHT = Cos - TfT for +wo-quad drive (3 13) 

For a given firing angle, the critical speed W 
representing the boundary between continuous and discontinuous 
conduction modes is obtained by letting the conduction period 
to be tt . The expressions are derived as shown below. At 
this critical speed, +he critical torque is also calculated, 
below which discontinuous conduction takes place, 

3.3a. Fully Controlled Operation - Mode 1 : 

OT = - •? Cos^ [Sm(a f .-i{')+Sin(ct f -iJ))exp{-irCotT|>> ] /[ 1-exp{-irCot^>] 

(3.14) 

w = Cos « f - m (3.15) 



FIND V USING BISECTION 
METHOD USING MODE 2 



Fig. 3*4 Flow chart for calculating boundaries 

ft mmm * j mw 

of Fig. 3-5 
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3.31) Fully Controlled Operation - Mode 2 

~0osi|)[-2Sin(a f -i|>) Exp { -Cot^(y-a f )} -Sin(y-^)exp{ -frCoti}/} 

+ Sm(Y-^)3- W<r[ 1-exp {-■nOot^l] =0 (3.16) 


Critical torque can be calculated using (3 15). 
3.4a Half Controlled Operation - Mode 1 


-Sm(a )exp(-Cot ip it}] 


(3.17) 
(3 13) 


VOT = 


tl 


exp 




= 0 5(1 + Cos'a^) - 


3.4b. Half Controlled Operation - Mode 2 
ir 

■r; Costytbin i|> exp { -Cot#y} - Sink ^-^)exp{-(y-a^)Cot^ } 

-Sm(Y-^) exp { -it Cot^}+ Sin(y-t) 1 - W 1 -exp{ -irCotif)} 1 = 0 

(3.19) 


Critical torque can be calculated using (3.18). 
Hippie factor is calculated as in (3.20). 


^ ^ 1 a max " 1 a rnm^ ^ 2I av 


(3.20) 


A set of boundaries (Fig 3.5) for various values of 
ij> are computed as shown in the flow chart (Fig. 3. 4). Area 
to the left of the boundary gives discontinuous conduction. 

A set of maximum value of ripple factor RF versus ij> for various 
values of speed are also plotted taking continuous conduction 
into consideration (Fig. 3. 6). These can be used t 0 choose an 
optimum value of inductance for a mo*or as follows. 
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Fig. 3 7 Experimental verification of Fig 3-5 
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3.5 CHOICE OE FILTER INDUCTANCE 

Minimum values of developed torque for various speeds 
are obtained from the requirement of the load being driven by 
the motor. If the motor is expected to operate under no-load, 
the minimum torque denoted will be due to coulomb and viscous 
friction only, formalized values of these are plotted m 
Eig. 3.5 as shown by dotted lines For discontinuous 
conduction to be absent, values of ^ should be such that 
the boundary separating continuous and discontinuous 
conduction lies +o the left of this curve. After is 
chosen, one can check using Fig 3.6 whe+her the maximum 
value of ripple is within permissible value or not at the 
critical operating speed. If i+ is no+ , one should try the 
larger value of ^ . 

3.6 EXPERIMENTAL VERIFICATION 

The boundary between continuous and discontinuous 
conduction for a value of $= 1.42 is verified experimentally. 
As the firing angle is varied, critical torque and critical 
speed are measured at which oust continuous conduction takes 
place The curve which separates the continuous and dis- 
continuous conduction regions is shown in Fig. 3.7 with 
dotted lines. The continuous line shows the theoretically 
computed characteristic 
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CHAPTER XV 
SYSTEM ORGANIZATION 

* 

4.1 IN TRODUC T I ON 

Closed loop controlled dc drives are widely used 
because of versatile control characteristics of the dc 
separately excited motor. The converter controlled dc drive 
taaov/n as static ward Leonard scheme is fast replacing the 
conventional ward Leonard drive. Basic scheme of a speed 
control system employing current limit control is shown in 
Pig. 4.1. 

In this scheme V ref sets the speed reference. Speed 
sensor output after filtering is compared with reference speed 
setting and the speed error signal is fed to speed controller. 
Speed controller tries to make the system steady state speed 
error zero PC current sensor measures the motor armature 
current. If the motor current is less than I x , current 
controller does not affect the performance of the motor 
However, if I exceeds I„ even by a small amount, large output 
voltage is developed by current controller. The speed control 
goes out of action and the speed is adjusted according to 
the permitted current As soon as the current falls below 
I , current controller output again becomes zero and speed 
controller takes over the operation. 











Fig. 4-2 Schematic diagram of speed control system with 
inner current control loop 
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Another scheme of speed control system employing 
inner current control loop which is m cascade wi+h the 
speed control is shown in Fig 4 2. Here the output 
magnitude of the speed controller is the desired value for 
the current control circuit. When there is a drop m speed, 
the speed difference which passes through the speed control- 
ler produces a higher desired current value and thus the 
speed difference is corrected The desired current value 
can he adousted to higner values to keep the speed at the 
desired value, as long as it does not exceed the value 
preset by the current limiter The limiter limits +he maxi- 
mum reference value for the current control loop and is so 
desined that its maximum output corresponds to the maximum 
permissible current of the converter motor set up. The 
inner current control loop scheme of Fig. 4. 2 has the 
following advantages over the scheme shown m Fi 4.1. 

While starting, if the firing angle is reduced to 
a small value m absence of current control, starting current 
may shoot up to a large value and damage the thyristors. 
Similarly overloads and load disturbances may cause the 
current to exceed safe values. The current loop does not 
permit large values of current to flow. The inner current 
loop also provides fast response against the supply distur- 
bances. Since the electrical time constant of tie motor 
armature is small compared to the mechanical time constant. 



Fig 4 3 Schematic diagram of motor speed control system 
controlled by thyristor converter 
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the armature current rather than the speed drops almost 
instantaneously whenever the supply voltage falls. In the 
absence of the inner current control loop, the motor decelerates 
to cope with the load torque The speed cones back to +he 
original value after the drop in speed is processed by the 
speed controller to give a new firing angle. Hence for 
corrective action ^o take place, a change in speed has to 
accompmy a change m the supply voltage and the response 
is poor owing to the large mechanical time constant involved. 
With the inner current control loop present, a drop in armature 
current itself results in a 'flew firing angle and the fall m 
supply voltage is counteracted by correcting the armature 
current at a fast rate 

4 2 REALISATION OF THE SYSTEM 

The scheme that has been used is shewn in Fig. 4.3. 
and the various blocks and their technical details are 
discussed below 

Speed Sensor 

In general two methods are used for speed sensing. 

In one of the methods, induced voltage is sensed by sensing 
the motor terminal voltage and armature resistance drop and 
obtaining the difference of the two. But the signal is 
directly affected by the deviations of the field flux under 
saturation and line voltage changes, and by temperature 
linearity and setting of the armature voltage circuit. Though 
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CA* Current to voltage converter 
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the method is practical and inexpensive, more accurate speed 
regulation is achieved by using a tachogenerator driven from 
the motor shaft The tachogenerator is a dc generator which 
has a higher order of linearity between its speed and output 
voltage. The comnutator of the tachogenerator produces ripple 
on the output voltage. The ripple is filtered out by a low 
pass filter whose break frequency does not fall into the 
control loop range and affect the dynamics of the system. This 
is realised by P-j in Pig 4.4. 

Gurrent Sensing 

A signal proportional to the armature current is 
required for ©fH5 current control loop* Th e techniques that 
are used for current sensing are 1. shunt resistance m the 
armature circuit 2. dc transductor or Hall Effect Current 
probe in the armature circuit 3. Current transformer in the 
ac line. 

To make +he system inexpensive and to isolate the 
control circuit from the power circuit current, transformer in 
the ac line has been used. A small resistance is connected 
across the secondary terminals of the currait transformer 
and the voltage across the secondary terminals is rectified 
to yield a signal proportional to armature current. A bridge 
rectifier has been used in the literature [16 3, Since the 
voltage to be rectified is of low level because of very 
small resistance connected across the secondary terminals 
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of current tran sf ormer , Op-Amp ac to do converters has been 
used. The reasons ar< as follows. Although semiconductor 
diodes are close to ideal diodes, they have severe iimita+ions 
m low voltage level applications. Silicon diodes hav^ 0 6 V 
threshold which must be overcome before appreciable conduction 
occurs By placing a diode in the feedback loop of an opera- 
tional amplifier, the threshold voltage is divided by the 
open loop gain of an operational amplifier .With the threshold 
virtually eliminated, it is possible to rectify millivolt 
signals The circuit that has been used is shown by the 
block Ca m Fig. 4 4 

Speed Controller and Limiter 

There are two types of electronic controllers. 

1 Proportional controller 2 Proportional integral controller 
(called P-I). Proportional controller gives appreciable steady 
state error whereas P-I type gives nearly zero steady state 
error. The P-I coitroller is used in the present scheme which 
is realised by OP-1 of Fig 4.4 This also acts as a limiter 
of Fig 4 3. 

Current Controller 

A proportional controller is used for the current 
controller. It is realised by OP-2 as shown m Fig 4 . 4 . 

Firing Circuit 

Firing circuit is discussed in Chapter 2 . The relation- 
ship between the control voltage V e and firing angle a f is 
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given "by a^= tt ( 1 — Vg/V^) where V^ is the maximum control 
voltage I* is realised by OP-3 in Pig 4.4. 

4.3 SYSTEM HOEELLLfG- 

The transfer functions of the vinous blocks are 
derived as shown .below 


Transfer Functions of Various Elements 

DO Motor Tie differential e untions governing the operation 
of the dc motor are as follows 


I a dl a 

-V + Va + Kv"' V*> 


J + Bw+ TL 
at 1 


- *t 


(4.1) 

(4.2) 


The viscous friction torque has been assumed to be a linear 
function of speed. Coulomb and static friction are neglected 
to make the motor model linear. These assumptions are 
justifiable m the speed control situation as stiction 
phenomenon is not present while running and Coulomb friction 
is very small. A block diagram representation of the motor 
is given in I'lg 4 5a 


Thyristor Converter The thyristor converter characteristic 

under continuous conduction shown m Pig. 4.5b. This is a 

cosine curve m which the average voltage across the output 

terminals is plotted against the firing angle. T ius 
2E 


m 


i r 


Cos a. 


(4.3) 
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The firing circuit is designed and adjusted such that 
the firing angle varies linearly with V* 


= * (1 - 


% 

r~> 

m 


(4.4) 


although the firing angle is proportional to V^, 
the firing of the bridge is not instantaneously corrected 
Once the firms pulse occurs, the information in is of 
no value until the next firing occurs. Hence any system 
using a thyristor power amplifier should be reg rded as a 
sample data system in a strict sense To make the analysis 
simpler it can be approximated as a high gain amplifier (161 . 

Current Controller proportional amplifier has been used 
as current controller Its transfer function is represented 
by pure gain 

Current Transducer The block CA in Pig. 4. 4 is designed 
such that the voltage is proportional to current i The 
gain of this system is 

K fi = Volts/ mp. (4.5a) 

Speed Controller and Speed Transducer A P-I controller has 
been chosen for speed control. The transfer function of the 
controller is j£ s .j( 1 + s T a )/ sT a * The tachogenerator gives 
an output voltage proportional to speed. The transfer 
function of the tachogenerator is approximated as neglec- 
ting the time constant of the low pass filter. 
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K fs = V ft,/w Volts/ rad/ sec . 


(4 51) 


The complete system block diagram is shown m I'lg. 4 6 
The block diagram shown m Pig 4.6 yields the following 
system equ tions 


di R X 2E 

nr - r ^ - r"* arf Cos f 

3 3 «. 


, K, p T 

djr 1 2. - - 

dt “ J x a J w J 


d 
d 

where 


= X i & + YW+ Z Cos a ^ 


R_ 


Kit K ai K»_ K. 

v- 1 / Si xS t ^ 

x - v ( — 3 fl V 


K 


I = Pfs - ^ S 1 K fs I " K fl IT ) 

m Q* 


K "IT 2E 

Z = _ K f x uL 
m a 


K,ir T, 

I 1“ 1 — (“ K s Y ref " K s1 K fs T' 5 
m 


k, 


/ To 


(4 6 ) 

(4 7) 

(4 8 ) 

(4 9) 

(4 10 ) 

(4 .11) 

( 4 . 12 ) 


The steady state operating point is given by 


toe. - V. 


ref/ K fs 


V - (1 i + 

“ f „ = a-EBos ( (R a i a „ + Ky W„ )w-) 


V 


(4 13) 




Fig- 4 6 Block diagram of the speed control system 






4.4 STABILITY AN.^YSIS IN THE SHALL iiROUJD THE OIERNHtfG- 
POINT 

Linearising the systc n equations around the operating 
point, we obtain 
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The system characteristic equ tion is 
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(4.14) 
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x + IT 
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2E 

nr Sin a f« 


j 
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- Y 


X+Z Sin a 


feo 


= 0 


(4.15) 


Simplifying, 

R P BR = K„K. K p 

* s+ { IT + 7 + ZSia a foa }x2 + * ITT + ~JTT + ^l” + J^ Z Slrl a 

a a a a 

2E BR KK, 

+ W X Sirx a f« }X +{ + jXT~) Z Sla a f<» 

a a a 


fc° 


2E_ 


K 4 


BX 


+ — y — 


m Sxa Y + -j-) > =0 


(4.16) 


Eor the system to he locally stable, the roots of the 
characteristic equation should lie in the left half-plane 
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4.5 DESIGiT OF 0 Oil T ROLLERS 

The controllers are designed on the assumption that 
the system is locally stable, assume the appropriate eigen- 
values X^ (l = 1 , . ,3) to ensure local stability Substi- 

tuting these eigenvalues in eqn (4 16) 


2E 


_m 

D a 


ini Sln + V 1 x + [ mr Sin %<» j^ 3 Y 


2E 


K, 


R 3R K K 

+ i*\ Sl “ °f- + ^ + §> \ s ““ f ~ + s “ z 


^ + ( ^ + §) x* i + (5 &b t Vt )x , -0> 


(1=1,. ,3) (4.17) 

Eqn. (4 17) is solved for X, Y and Z From (4.9) to (4.11), 
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X ir 

(X + V*- *- 
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X Y 
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a iV i f s 


T 


a 


= *sl/V 


Controllers are designed for the operating point 30° ♦ The 
values are given in Table 4.1 For the designed values, system 
stability at all operating pom+s is verified and the results 
are given in Table 4.2. 
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4.6 STABILITY iii'Ti.LYSIS U m HE Li.RGE 

Since the system has been desired assuming that 
the system is locally stable, stability is to be checked m 
the large. Popov’s criterion has been applied to check the 
system stability in the lirge. 

Let 


X 1 


1 - i 

a aoo 


X 2 - w ro 


x 3 = a f " a f„ 

Equations (4.6) to (4.8) can be written as 

2E_ 


(4.19) 


X 1 " ” 


x. = 


it x i “ ir x 2 “inr { Gos a - 

a a a 
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- Cos(x^+ a^) } 


T X 1 ” 1 x 2 


X5 = X x-j + I x 2 - Z { Cosa foo - 0os(x5-t fl foo ) ) 

Or, in. vector-matrix notation, as 
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(4.20) 


f(a) (4.21) 
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where 

a =[ 0 0 1] x 

and 

f(cr) = Cos - Cos(x^ + 

In the dc drive firing angle varies from 0 to t radians. 
So the -Qoximum value of o^, i.e a.^ is it The minimum 

value of a^, le.jX^+a^^isO Thus, the constraint +o be 
satisfied by x^ is 

“ a f < x 3 < tr - 

In order to facilitate +he application of Popov’s 
criterion, -we will incorporate the constraint on firing angle 
differently from that given above. It is observed in 
eqn.(4 21) that the state variable x^ appears m the right 
handside only m the nonlinear function f m the second term. 
Thus, instead of putting a constraint on the st-^te variable 
x^, we will define a new nonlinear function 0(x^) which will 
incorporate the firing angle constraint. Thus, let 

0(x 5 ) = f(x^ if -a foo < x^ < tr — 

■ lf x 3 - - »£. 

= f (ir-a^ ) if x^ > it — 

It can be checked easily that the nonlinear function lies 
in the first and third quadrants. It is shown graphically 
m Pig. 4.7. 


(4.23) 




Pig 4.7 

Since th e nonlinearity lies m the first and third 
quadrant, Popov’s frequency condition can be applied 
(Appendix B). For this purpose the system is represented 
as shown in Fig. 4 8a 



Fig. 4.8a 

The transfer function W(s) is 


W(s) - 


wh ere 


x 5 (s) 

’ MsT 

2E 

J £ s + (BX + Y£ t + Z 1 ) j 
st(sl a +R a )(J s + B)+( K t )3 



(4.24) 



Aow Nu. 
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and X, Y and Z are defined in equations (4 9), (4.10) and 
(4.11). 

Applying Popov's theorem given in Appendix B, it is 
required, for the system to he absolutely stable, that 
there exist a q> 0 such that 

Re(1+3qw)W( jo) ) = JXw^-JI^ w z +BR a +K v K^ ) -w 2 (BR a +YEC^. + Z^ ) 

+ { q o) 2 (BX+YK t +Z 1 ) (-JI w 2 +BR a +K v K^_) > 

+ qw" Ji(3L a + JR a ) > 0 (4.25) 



will ensure the absolute stability of the system, 
numerical values of X and BX+YX^+Z^ for the system with 
controller parameters designed in Sec. 4. 5 are given m 



Table 4 1 Design Parameters 


Speed controller gam K s -j = 

1.109 

Speed controller time 


constant t = 

d 

0 0625 

Current controller gam = 

3 656 


Table 4,2 


Speed in 
rpm 

load torque in 
NW-m. 

Eigenvalues of the system 


2 0 

-42, -22, -114 6 

1200 

1.0 

-32, -27, -165 


0.0 

-28+35.56, -206 


2 0 

-27 8 * 38 . 27 , - 290 

600 

1 0 

-27 2+jS 14, -232 


0.0 

-27+38, -303 


2.0 

-27 8 + 38 . 2 , -286 

300 

1 0 

-27 7+DS.6, -307 


0.0 

-27 8+38 4 , -297 


Table 4 .3 

X = 5 .0982 

BX+YX t +Z 1 = -0.942556 









Fig 4 8b Boundary between stable and 
unstable regions 


34 


Table 4 3 Thus the design ensures absolute stability of 
the system 

The system has been tested with the designed values. 
Furthermore, the stability bound ->jy m terms of system 
parameters has also been determined This is shown in 
Fig 4 8b. 

4.7 DIGITAL SIMULATION 

Digital simulation of any sys+em is useful at the 
design stage to predict the behaviour of the system In the 
present work, the closed loop speed control scheme of conver- 
ted ed dc motor is simulated. Though +he program is written 
for P-I controller, it can be suitably adapted to any type of 
control. In the simulation, continuous conduction and dis- 
continuous conduction periods are identified and the dynamics 
of the system is calculated taking into account both types 
of discontinuous conduction (Chapter 3) and continuous 
conduction. If the current is zero and if is less than Y, 

firing angle is modified as y because the thyristors 
cannot be fired as back emf, which is greater than supply 
voltage acts as a reverse bias on the incoming thyristor. 
Further, if < y and current is flowing m the incoming 
thyristor will fire. Now if the current becomes zero before 
angle Y> then also firing angle will be Y due to reasons 
mentioned above. 



READ SYSTEM DATA, 

STEP LENGTH 

INITIALIZE PROGRAM VARIABLES 



Fig. 4-9 Flow chart for system simulation 
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During the continuous conduction, the system dynamics 
is described by the following differencial equations 


di 

dt" 

dW 

dt 


K. 


a a ~v TT 

= " T£ “ IT w+ U a 


K t B w *1 

T x & ~ J T 


(4.29) 
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- _ ^L-( K h T-./J + £ V _) 
7 v ^ fB A i/ ° c "- g rpf / 
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i 


V 


(4.30) 


In the above equations, U a = Sin“ t and at every 
firing instant, U a is shifted by * radians as the pair of 
conducting SCRs change at every firing instant. During 
discontinuous conduction, the system dynamics is described 


by 



= 0 




(4.31) 


ft a f = B 1 w + B 2 



Speed (r pm) ct\ Speed (r pm) 



Fig 4 10 Starting transient using PI 
controller (a) With no load 
(b) With full load 
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Fig- 4 12 
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Transient response for increase in 
V re f with PI controller (a) With no 
load (b) With full load 
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Fig. A -13 Transient response for decrease in 
V re f with PI controller (a) With no 
load (b) With full load 
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where 


B 


1 


K s £ fs" K 5l^fs 



in 


fs 


V J + *S 


W 


\ 


(4.32) 


The flowchart of the simulation is shown m Fig. 4.9. 
Numeric \1 integration has been carried out using 4th order 
Runge-.£utta method. 

Transient responses for starting, lo°d torque and 
^ref °h'' ln o es arP shown in Figs. 4.10 +o 4 la. Experimental 
responses are shown with dotted lines Th<= responses agree 
well with computed ch iractensties except m the case of 
starting trinsicnt. In computing starting transient, stiction 
and Coulomb friction are not t->ken into account. Viscous 
friction versus speed is fatten as linear which is highly 
nonlinear when the motor is started from standstill to full 
speed 

Experimental Results: 

Steady state torque speed characteristics are shown 
in Fig. 4.14. Dotted lines show the torque-speed charac- 
teristics for closed loop system. Continuous line shows 
the torque-speed characteristics for open loop system. The 
improvement of the closed loop system characteristics over 
the open loop characteristic is clearly seen. 



4.8 STUDY OF A UTO-AIUPT’IVE COmOLLFR 

Abbot and Wheeler t 21] simulated the thyristor dc 
drive using analog commuting elements and logic components 
for converter switching. Frequency response curves showed 
wide variation in system dynamics during continuous conduc- 
tion and discontinuous conduction. To improve the transient 
performance of the system, two channels were used. P-I 
controller was used in one chomel and proportional controller 
was used in the other channel. During the current conduction 
period, P-I controller channel was m action. During zero current 
period, proportional controller channel was in action. 

This chapter describes the results of experimental 
study and digit il simulation o^ auto-adaptive Controller 
The circuit diagram is shown m Eig.4.15 The part of the 
circuit marked A his been used to detect •’■he presence or 
absence of armature current. Analog gate has been used for 
switching of the channels Experimental results are shown 
in Fig <t.16 marked with dashed lines, The responses show 
that the subhirmonic oscillations are occurring in the system. 

Digital simulation results are shown m Figs. 4.16 
to 4 . 19 . In computing the responses, a f is computed by the 
following eqn (4.33) during zero current interval. 

“f = » S 1 Aef - Vl E fs“> <4-33) 

ra 

The results show that at low torques there is steady state error.- 




Fig. 4-1 5 Control circuit for autoadaptive controller 
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Fig 4 16 Starting transient using adaptive 

controller with (a)No load (b) Full load 







Fig. 4-17 Load torque transient with adaptive 
controller 

STEP LOAD (a) Applied (b) Thrown off 
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Fig. 4*18 Transient response for increase in 
Vref (a) With no load (b) With 





Fig. 4-19 Transient response for decrease 

in V re f with adaptive controller with 
(a) No load (b) Full load 
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But at high torques, there is no steady state error. The 
reason is that at low torques, discontinuous conduction takes 
place. Proportional channel will he m action during zero 
current interval and the firing of the converter is controlled 
hy the proportional controller which contributes to steady 
state error At high torques, the current is continuous and 
P-I controller will be m action during that period. Firing 
of the thyristors is controlled by the P-I controller 
because of which there will be zero steady state error. 

Regarding the transient response, no improvement 
is seen from the simulation results for the adaptive case. 

It appears that the adaptive controller suggested by Abbot 
and Vheeler does not offer advantages in the present situation. 
In addition, it gives steady state error for lightly loaded 


conditions 
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CONCLUSIONS 

The new firing scheme developed he’e is s+able and 
immune to stray and noise pulses as it does not use 
components like monostables etc which are sensitive to 
noise and stray pulses. It can be used for many converter 
operations such as 1 fully controlled operation, 2. half 
controlled operation, 3) sequence control, 4 symmetrical 
pulse width modulation with one pulse per half cycle, 

5. asymmetrical triggering control. The method derived 
here for the calculation of filter inductance which 
eliminates discontinuous conduction and keeps the ripple 
within permissible limits can be used either for fully 
controlled operation or for half controlled operation. The 
monograms can be used for a motor of any rating as they are 
given m normalized variables. This method gives an 
optimum value of inductance which permits the elimination 
of discontinuous conduction and reduction of ripple to 
prescribed value with minimum adverse effect on transient 
response,. 

The method presented for the design of compensators 
can be used for the do drive with closed loop scheme to 
avoid run away instability as well as ripple instability. 
The flowchart and the simulation scheme presented are 
useful at the desiga stage to predict the behaviour of 
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the system as it takes into account continuous conduction 
and both types of discontinuous conduction. It is concluded 
from the study of auto-adaptive controller that there will 
be no improvement in the transient performance using auto- 
adaptive controller over the PI controller. In addition 
it contributes steady state error at highly loaded 
conditions 
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APIEOIt A 

DPT-^iIJ^IOT 0 n ^iO T OR PARAiPS'T’TlS 

I ) ?he armature resistance is measured by voltmeter-Amme ter 
method The armature nduct ice is measured on an 
impedance bridge. 

R * 27 5 ohms 

Cl 

L = 340 mH 

ft 

II ) The motor is run as a generator and emf versus St-red 
curve is plotted. From this curve back tmf constant 

is calcul-*+ed (E^ = ). 

III ) The motor no load input (E^]^) is measured at various 
speeds and no lo^d torque versus speed is determined. 
Erom this characteristic, thp friction coefficient B 
is calcula+< d At the rated speed of 1200 rpm, the 
torque developed by +he motor for arma+ure currents 
is determined and the torque coefficient calculated 

iv ) The motor is run at the ra-f-ed speed and the input 

voltage is switched off suddenly. Speed versus time 
curve is recorded on an X-Y plotter The mechanical 
time constant T m is then calculated. Tft P moment of 
inertia J is calculated as T m .B. 

The parameters of the system taus determined are 
given in Table A.1. Table a. 1 also includes the P-I 
controller parameters. 



Parameter 


Value 


Parameter 


Value 


R a 

27 5 

K s1 

1 JO 

L a 

0 6 

T a 

0.06 


1 45 

£ 

1 

3.6 

J 

0.002941 

K fi 

1.0 

B 

0 001948 

K fs 

0.0762 

K t 

1 7 
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AP1MDIX B 

POPOY’S STaBILI^’Y CRITERION' 



Eig.B.1 Nonlinear System Pig. b. 2 Nonlinearity 

satisfying ’sector condition’ 

The problem of stability of the system shown in S'ig.B.I 
has received considerable attention m nonlinear control theory 
The system equations are 

x = A x + b y 

y = 0(c) 
c = 0 T x 

where x is the n-dimensional state vector, k is en nxn matrix 
b and c are n-dimensional vectors and 0(c) is a memoryless 
time invariant continuous nonlinear function satisfying the 
sector condition (Fig B.2). 

c 0(c ) > o for all 0 t 0 
0(<*) - 0 for c — o . 
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In (B.1), thf case where matrix a has on© zero 
eigenvalue and al] other eigenvalues m the open left half 
plane is referred to as the simplest particular case in 
control theory literature, mad the system considered here 
falls into this category. 

The transfer function of t’je linear part is 
obtained as 

l(s) = -o^sl-ii)- 1 £ (3.3) 

The global asymp+otic stability of the equilibrium state 0 
of system (B.1) for the class of nonlmeir functions satis- 
fying condition (3.2) is termed absolute stability in the 
finite sector (0, 00 ) 

Popov' s Theorem 

System (3.1), vith having on° zero eigenvalue and 
all other eigenvalues m th« open left half -plane, is 
absolutely stable m (0, °> ) if there exists a real number 
q > 0 such that 


Re(l-»q.Q o) G( 3 to) >. 0 for all real m> 0 (B.4) 

The inequality (B.4) is called the Popov's condition. 
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